
Hydrogeology, Chemical Weathering, and Soil Formation, Geophysical Monograph 257, First Edition.  
Edited by Allen Hunt, Markus Egli, and Boris Faybishenko.  
© 2021 American Geophysical Union. Published 2021 by John Wiley & Sons, Inc. 
DOI: 10.1002/9781119563952.ch4

4
Earthworms, Plants, and Soils
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Rodolphe Schlaepfer3, and Claire Guenat3

4.1. PLANTS AND EARTHWORMS 
ARE ECOSYSTEM ENGINEERS

4.1.1. Why Are Plants and Earthworms Called 
Ecosystem Engineers?

Ecosystem functioning and stability mainly depend on 
living organisms (biocenosis) being in equilibrium with 
their abiotic environment (biotope). The higher 
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ABSTRACT

The importance of engineers is increasingly recognized in soil science because of their implication in most 
important pedological processes. Furthermore, they contribute to ecological functions provided by soils in both 
natural and human-modified environments. In this review, we focus on the role of two ecosystem engineers: (1) 
plants, their root system, and associated microorganisms and (2) earthworms. First, we explain why they are 
considered as major soil engineers, and which variables (texture, porosity, nutrient, and moisture dynamics) con-
trol their activities in space and time (hotspots and hot moments). Then, their roles in three processes of soil 
formation are reviewed, namely, rock and mineral weathering, soil structure (formation, stabilization, and disin-
tegration), and bioturbation. For each of them, the involved mechanisms that occur at different spatial scales 
(from local to landscape) are presented. On one hand, tree uprooting plays a key role in rock weathering and soil 
profile bioturbation. In addition, living and dead roots also contribute to rock alteration and aggregation. On 
the other hand, earthworms are mainly involved in the formation of aggregates and burrows through their bio-
turbation activities and to a less extent in weathering processes. The long-term effects of such mechanisms on 
soil heterogeneity, soil development, and pathways of pedogenesis are discussed. Finally, we show how these two 
main ecosystem engineers contribute to provisioning and regulating services. Through their physical activities of 
burrowing and soil aggregation, earthworms and plants increase plant productivity, water infiltration, and cli-
mate warming mitigation. They act as catalysts and provide, transform, and translocate organic matter and 
nutrients throughout the soil profile. Finally, due to inter- and intraspecific interactions and/or symbiosis with 
microorganisms (arbuscular fungi, bacteria), they enhance soil fertility, decrease parasitic action, and bioreme-
diate some pollutants. Future research is, however, still needed for a better understanding of the relationships 
between adequate soil management, agricultural practices, and soil biota in a perspective of relevant mainte-
nance and durability of ecological services.
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biodiversity is, the greater are resistance and resilience of 
ecosystems facing disturbances. Organisms themselves 
affect their own habitat through their activities and then 
modulate species richness and heterogeneity of the envi-
ronment, and thus the ecosystem functions at several spatio-
temporal scales. Such ecological interactions are usually 
distinguished in (1) trophic relationships encountered in 
ecological networks such as food webs (Ings et al., 2009) 
and (2) nontrophic relationships implying organisms 
that affect others by creating, modifying, maintaining, or 
destroying habitats, called “ecosystem engineers” (C. G. 
Jones et  al., 1997, 1994; Wright & Jones, 2006). 
Independently from their origin and their location, eco-
system engineers initiate habitat formation in the abiotic 
environment, therefore creating a modified structural 
state. Environmental heterogeneity is then enhanced with 
new ecological niche opportunities and increased biodi-
versity (C. G. Jones et  al., 2010). Moreover, ecosystem 
engineers contribute not only to structural changes but 
also to abiotic and biotic changes, processes that are 
interdependent with feedback effects (C. G. Jones et al., 
2010). Allogenic engineers thus modify living or non-liv-
ing materials from one state to another, whereas auto-
genic engineers modify their own structure and 
morphology; some engineers are both allogenic and auto-
genic at the same time (Berke et  al., 2010; C. G. Jones 
et al., 1994, 1997).

Focusing on terrestrial ecosystems, soils play a central 
role in major global biogeochemical cycles and host the 
largest diversity of organisms (Smith et al., 2015). Among 
these organisms, plants and invertebrates are key compo-
nents of soil genesis, functions, and properties, and their 
occurrence in the pedon is crucial, focusing on their engi-
neering activities. This is particularly the case in the 
so-called “humipedon,” the upper soil layers enriched in 
organic matter (mainly O and A) that experience interac-
tions between vegetation and soil (Zanella et al., 2018). 
The activity of soil organisms is particularly high in 
humipedons and is strongly involved in organic matter 
recycling and provisioning, as well as the formation of 
biogenic structures such as burrows and aggregates. 
Earthworms and plant roots are particularly involved in 
these processes that result in aggregates of different size, 
shape, and water stability. They act mainly as allogenic 
engineers and are responsible for physical modifications 
but may also be involved in biological and biochemical 
processes (see sections 4.1.2 and 4.1.3). Plants and earth-
worms also share common features regarding their engi-
neering activities. For instance, both contribute to 
aggregate and burrow formation, especially in the top 30 
cm of soil. In temperate ecosystems, they are thus the 
main soil engineers creating habitats for other organisms, 
such as small arthropods like springtails or mites 
(Cameron et al., 2013; Eisenhauer, 2010; Liu et al., 2013).

Both plants and earthworms produce also chemical 
substances: exudates (Bais et al., 2006) and mucus, respec-
tively (Salmon, 2001), which are enriched in water, carbon 
(C), and nitrogen (N). These secretions are major drivers 
of bacterial diversity and activities (Wu et al., 2017) and 
contribute to enhanced enzymatic activities (Gianfreda, 
2015; Le Bayon & Binet, 2006) but also modulate the 
attraction of small arthropods (Salmon, 2001). Plant 
roots interact with earthworms, and their concomitant 
activity increases aggregate stability (Fonte et al., 2012; 
Schomburg, Schilling, et  al., 2018; Schomburg, 
Verrecchia, et al., 2018).

4.1.2. Relationships Between Selected Soil Properties, 
Plants, and Earthworms

4.1.2.1. Soil texture
Texture is one of the main soil properties driving the 

general behavior of ecosystem engineers. For plants, the 
optimum spatial distribution of roots depends mainly on 
soil water and nutrients, whose retention is largely influ-
enced by soil texture. Higher clay fractions promote reten-
tion of water and sorption of nutrients, whereas a high 
sand content tends to enhance drainage (Weil & Brady, 
2017). On the other hand, high clay contents can lead to 
soil compaction and prevent root development, or even 
access of water, whereas sharp sand grains may cause 
abrasion of fine root tips (Coleman et al., 2004). Lipiec 
et al. (2016) showed that rough sand increases the tortuo
sity of wheat roots and decreases root length, diameter, 
and even root dry weight. Whereas most cultivated plants 
require soil with balanced proportions of silt, sand, and 
clay, some plants tolerate more severe constraints, such 
as shrubs living in desert or coastal dunes, where sand is 
predominant. In northern California, a native shrub 
(Ericameria ericoides) is well adapted to its sandy environ-
ment by developing an efficient root network that helps to 
retain coarse organic matter and decreases aeolian 
erosion. In a coastal dune system, shrub species (Lupinus 
chamissonis and Ericameria ericoides) serve also as eco-
system engineers acting at multiple levels of biological 
organization through both positive and negative effects on 
richness and biomass of herbaceous plants (Cushmann 
et al., 2010). Phalaris arundinacea is also well known to 
grow up in alluvial sandy soils. This pioneer herbaceous 
species is especially resistant to drought conditions and 
has an efficient root system that protects riverbanks from 
erosion (Schomburg, Schilling, et  al., 2018). In these 
alluvial ecosystems with regular erosion and/or deposits 
of sediments during flood events, riparian trees act both 
as allogenic and autogenic engineers. By trapping sand 
and organic matter, they can modulate soil moisture and 
accelerate landform formation, particularly island growth 
(Gurnell & Petts, 2006).
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Soil texture also directly influences pedofauna. Indeed, 
soil macrofauna need material to construct biogenic 
structures (Bardgett, 2005; Coleman et al., 2004; Edwards 
& Bohlen, 1996; Lavelle et al., 1997, 2016), and through 
their selective choice of building components they often 
create gradients of organic and mineral particles in their 
living space (Edwards, 2004; Frouz et al., 2003; Jouquet 
et al., 2014, 2018; Véle et al., 2011). Earthworms select 
mainly both fine organic and mineral particles that they 
ingest and usually avoid soils with a high proportion of 
sand due to potential skin damages (Blouin, Hodson, 
et al., 2013; Blouin, Sery, et al., 2013; Curry & Schmidt, 
2007; Lee, 1985). However, earthworms may also select 
sand grains that improve the grinding of leaf litter in 
their muscular gizzard (Marhan & Scheu, 2005; 
Schulmann & Tiunov, 1999). Depending on their ecolog-
ical category, epigeic, endogeic, or anecic species as 
defined by Bouché (1977), earthworms differ in their 
habitat, not only in relation to soil depth but also to tex-
ture distribution in the soil profile.

Epigeics (Figure 4.1a) usually live in holorganic humus 
layers, dead wood, or composts, consuming and digesting 
organic matter without mixing it with mineral particles. 
They increase organic matter decomposition rates and 
act as ecosystem engineers by strongly affecting other 
litter-inhabiting organisms such as microfauna and 
microorganisms (Edwards, 2004). Endogeic species 
(Figure 4.1b) are mostly located in the shallow part of the 
soil and feed on soil and associated organic matter. To 
satisfy their dietary requirements, they actively move into 
the soil profile and build up long and dense horizontal 
branching burrows filled with their casts (Edwards & 
Bohlen, 1996). Endogeics prefer silty-clay soils, and their 
burrows and casts serve both as nutrient and habitat 
resources for plant roots (Lee, 1985). Anecic earthworms 
(Figure 4.1c) dig large vertical burrows that may extend 

several meters into the soil profile and thus prefer deep 
soils with fine texture (Bullinger-Weber et  al., 2012; 
Salomé et al., 2011). These worms are especially efficient 
at burying fresh organic matter into their burrows using 
the strong muscles of their prostomium. By doing this, 
they largely contribute to the incorporation and the 
storage of organic materials in the subsoil. Through their 
bioturbation activity, and like endogeics, anecic earth-
worms excrete casts inside their permanent burrows, 
lining their walls with C-enriched mineral-organic 
material, but they may also seal their burrow openings 
with surface casts (middens). All these biogenic struc-
tures (burrows, casts, and middens) may serve as habitats 
for plant roots (and vice versa, as previously mentioned), 
but also for microfauna (springtails, mites, enchytraeids) 
and microorganisms (Eisenhauer, 2010). Besides these 
three ecological categories of earthworms, intermediate 
situations exist as epi-endogeic (Lumbricus rubellus) or 
endo-anecic ones (Aporrectodea longa), increasing the 
complexity of their role as ecosystem engineers.

4.1.2.2. Soil porosity
Soil porosity is the ratio between the volume of pores 

and the total soil volume. This porosity depends on seve
ral factors, including the size, shape, and arrangement of 
primary particles, as well as their cementing (Nimmo, 
2004). Both burrowing by soil-dwelling animals and 
expansion of the root network create the largest biopores 
in soil. Soil aggregates also contribute to generating 
spaces into the soil; the intimate mixing of organic matter 
and mineral particles occurs either in the digestive system 
of animals, in particular earthworms, or by enmeshment 
of soil particles by roots, hyphae, and their exudates 
(Coleman et  al., 2004; Milleret, Le Bayon, & Gobat, 
2009; Milleret, LeBayon, Lamy, et  al., 2009; Six et  al., 
2002; Tisdall & Oades, 1982). Consequently, vegetation 

(a) (b) (c)

Figure 4.1  Ecological categories of earthworms. (a) Epigeic species, Lumbricus rubellus. (b) Endogeic species, 
Allolobophora chlorotica (c) Anecic species, Lumbricus terrestris (sometimes also classified as epi-anecic). Photos 
a and b, Claire Le Bayon; photo c, Géraldine Bullinger.
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and earthworms largely contribute to forming porosity in 
the humipedon, where their activities prevail.

Roots influence the soil pore system, but they are 
controlled by both soil and root characteristics. Bodner 
et  al. (2014) showed that coarse root systems increase 
macroporosity by 30%, whereas plants with dense, fine 
root systems heterogenize the pore space and increase 
microporosity. Therefore, not only plants but also their 
lifetimes (perennial versus annual) influence the formation 
and the permanence of root systems (Yunusa & Newton, 
2003). After root decay, which varies according to plant 
communities, several size classes of biopores are freed 
up, becoming then available for air and water transport 
(Bodner et  al., 2014; Horn & Smucker, 2005; Mitchell 
et al., 1995).

Earthworms are well known to enhance porosity as 
they move through the soil, thus decreasing soil density 
(Johnson-Maynard et al., 2007) and improving soil aera
tion (Edwards & Bohlen, 1996) and water infiltration 
(Capowiez et  al., 2014; Shipitalo & Le Bayon, 2004). 
The number of  burrows, as well as their length, diame
ter, and above all their connectivity, are essential to 
ensure an efficient hydraulic conductivity (Johnson-
Maynard et al., 2002; Pérès et al., 2010). The amount of 
organic matter, the diet type of  the worms, and the soil 
texture are the main components that drive length and 
branching of  earthworm burrows (Amossé, Le Bayon, 
et  al., 2015; Amossé, Turlberg, et  al., 2015; Lavelle & 
Spain, 2001). These burrow systems then depend on soil 
features but also on earthworm species that construct 
burrows of  different length, diameter, and branching 
(Amossé, Le Bayon, et  al., 2015; Amossé, Turlberg, 
et al., 2015; Bastardie et al., 2005; Capowiez et al., 2014). 
Moreover, Felten and Emmerling (2009) showed that 
species interactions may occur between anecic and 
endogeic earthworms. For instance, the burrowing 
activity of  the endogeic Octolasion tyrtaeum is signifi-
cantly reduced in the presence of  the anecic Lumbricus 
terrestris compared to the specific single treatment, 
revealing potential interspecific competition and trophic 
niche separation (Felten & Emmerling, 2009).

4.1.2.3. Soil nutrient balance
In the vicinity of roots. The soil directly in contact with 

roots (i.e., the rhizosphere, see section 1.3) has very differ-
ent physical, chemical, and biological properties com-
pared with the bulk soil. Through their multiple activities 
of ecosystem engineering, plants create a gradient of soil 
water content and nutrient availability around their root 
system (Gilad et  al., 2007; Guttierez & Jones, 2006). 
Moreover, carbohydrates formed by photosynthesis are 
transferred into rhizospheric soil where they stimulate 
microbial activity; in turn, microbial enzymes decompose 

soil organic matter, thus releasing nutrients through 
priming effects (Bengtson et al., 2012; Finzi et al., 2015). 
Huang et al. (2014) showed that plant exudates modulate 
fungal and bacterial activities, which also influence root 
exudation. Consequences on soil nutrient balances are 
obvious, and Finzi et al. (2015) showed that root-accelera
ted mineralization and priming effect can account for up 
to one third of the total C and N mineralized in temperate 
forest soils. As most of the plants have symbiotic rela-
tionships, arbuscular mycorrhizal fungi also contribute 
to nutrient availability by facilitating interplant nutrient 
transfer (Le Bayon & Milleret, 2009; Wilson et al., 2006). 
Mimmo et  al. (2018) focused on how chemical, 
biochemical, and physical interactions occurring in the 
rhizosphere affect nutrient availability. They showed that 
qualitative and quantitative composition of root exu-
dates depends on many factors (plant species, plant age, 
environmental conditions, etc.) and influences the mobi-
lization of nutrients.

In casts and burrows. The selective ingestion of organic 
material contributes to the concentration of organic 
matter in casts compared to the surrounding soil (Edwards 
& Bohlen, 1996; Le Bayon et  al., 2017; Lee, 1985; van 
Groenigen et  al., 2019). The addition of mucus during 
the gut transit stimulates microorganisms and conse-
quently enzyme activities, which enhance organic matter 
mineralization (Blouin, Hodson, et  al., 2013; Chapuis-
Lardy et al., 2011; Shipitalo & Le Bayon, 2004). A meta-
analysis on cast fertility (van Groenigen et  al., 2019) 
highlighted that nutrient availability is higher in casts 
than in bulk soil (total elemental concentrations increased 
by 241% and 84% for mineral N and available P, respec-
tively). In addition, pH, cation exchange capacity, and 
base saturation are also increased. Earthworm burrow 
linings are also enriched in organic matter and nutrients 
compared to non-ingested soil (Jégou et  al., 1998). 
Mucus, composed mainly of water, C, and N, serves as a 
lubricant to improve the displacement of earthworms. 
This resource enrichment leads to the presence of specific 
and active communities of microflora and microfauna 
directly located in the burrow walls (Jégou et  al., 1998; 
Savin et  al., 2004; Tiunov & Scheu, 1999), and enzyme 
activities are enhanced over 2–3 mm all along the linings 
(Le Bayon & Binet, 2006). Consequently, casts and bur-
rows are major sources of bio-avaiblable nutrients that 
could directly be absorbed by plant roots (Milleret, Le 
Bayon, & Gobat, 2009; Hoang et al., 2016). As an example, 
roots of Achillea millefolium preferentially occupy burrows 
of the anecic Lumbricus terrestris (Cameron et al., 2014). 
Moreover, earthworm burrows provide interconnected 
channels that make easier the penetration of roots into the 
soil and serve as a regeneration niche for plants in grass-
land ecosystems (Milcu et al., 2006).
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4.1.3. Hotspots, Hot Moments in the Soil: Rhizosphere 
and Drilosphere

The soil biota modulates physical, chemical, and 
biological properties of  soils in several ways (Blouin, 
Hodson, et al., 2013; Coleman et al., 2004; Lavelle et al., 
1997). Five areas in the soil with specific properties were 
thus defined by Beare et al. (1995): (1) the rhizosphere in 
the vicinity of  plant roots, (2) the detritusphere in the 
organic layers, (3) the aggregatusphere encompassing 
soil aggregates, (4) the porosphere considering voids, 
and finally (5) the drilosphere, e.g. the soil under the 
influence of  earthworms. Such “hotspots” of  intense 
biological activity, also called “hotspheres,” may repre-
sent more than 90% of  the total biological activity con-
centrated in less than 10% of  the total soil volume 
(Beare et al., 1995). Kuzyakov and Blagodatskaya (2015) 
underlined that hotspots located in rhizosphere and dri-
losphere can be associated with “hot moments” defined 
as short-term events or sequences of  events inducing 
accelerated process rates, as compared to average rates. 
Hot moments induce successions in microbial commu-
nities and intense intra- and interspecific competition, 
thus affecting C use efficiency, microbial growth, and 
turnover. Consequently, the intensification of  fluxes 
increases and such hot moments result in priming 
effects  localized in microbial hotspots (Kuzyakov & 
Blagodatskaya, 2015).

4.1.3.1. Rhizosphere
The rhizosphere is the soil volume that interacts directly 

and immediately with living plant roots, from nanometers 
to centimeters in radial distance from the root surface 
(Richter et al., 2007). Organisms found in the rhizosphere 
include bacteria, fungi, nematodes, protozoa, algae, and 
microarthropods (Lynch, 1990; Raaijmakers et al., 2009). 
This diversity is mainly due to rhizodeposits released by 
plant roots, and these deposits are the main food source 
for microorganisms that modulate population density and 
activities of other organisms. Rhizodeposition is a mix-
ture of several compounds such as lysis products of root 
cells, insoluble mucilages, soluble root exudates, and 
volatile organic C (D. L. Jones et al., 2009). Soil microor-
ganisms are chemotactically attracted to these spots 
enriched in C and tend to proliferate in this particular 
environment (Lugtenberg & Kamilova, 2009). In return, 
microbial activity in the rhizosphere is essential for plant 
functioning, as it assists plants in nutrients uptake and 
offers protection against pathogen attack (Berendsen 
et al., 2012; see section 4.3.2). Therefore, the rhizosphere is 
a zone of communication between soil microorganisms 
and roots that occurs and changes continuously due to 
nutrient solubility, soil transport, or plant uptake (Mimmo 

et al., 2018). Huang et al. (2014) reviewed interactions bet-
ween plants and rhizosphere microbes, focusing on how 
root exudates are involved in these processes. Regarding 
soil structure at a smaller scale, Foster (1998) and Bruand 
et al. (1996) showed the importance of bacteria and roots 
in rearranging and stabilizing soil properties. Feeney et al. 
(2006) discovered that soil microbes and plant roots 
modify their habitats by changing size and clustering 
properties (i.e. spatial correlation) of soil pores. 
Consequently, the rhizosphere is not only a hotspot of 
biochemical processes and fluxes but also a hotspot and  a 
hot moment regarding aggregate formation.

4.1.3.2. Drilosphere
The drilosphere is the part of soil the influenced by 

earthworm burrowing and casting activities (Blouin, 
Hodson, et al., 2013; Johnson-Maynard & Strawn, 2016). 
Earthworm burrows, surface casts, and casts produced 
within the soil profile belong to the drilosphere, but also 
earthworm gut contents, as well as symbionts (Ojha & 
Devkota, 2014). Hence, the drilosphere displays a high 
degree of relationship between microorganisms and 
micro-, meso-, and macroinvertebrates. Generally, anecics 
and endogeics are involved in the drilosphere formation 
due to their ecological behavior and selective ingestion of 
particles (Curry & Schmidt, 2007). The permanent burrow 
system of anecic species (about 2 to 3 m depth) is an impor-
tant network of root growth activity and microbial dis-
persal, while endogeic species are more located around the 
rhizospheric region (Hirth et al., 1998). As a consequence, 
soil biogeochemical properties within the drilosphere dif-
fer from those of the bulk soil, similar to the rhizosphere 
(Lipiec et al., 2016). Linking drilosphere and rhizosphere 
functioning is then obvious. Earthworms enhance plant 
growth and plant quality (van Groenigen et al., 2014) that 
is closely linked to drilosphere-rhizosphere interactions. 
Kim et al. (2017) also showed that some combinations of 
earthworm-mediated soil aeration, modification of mois-
ture conditions in the rhizosphere and drilosphere, and 
comminution of organic matter modify microbial commu-
nities and significantly affect the N cycle.

4.2. PLANTS AND EARTHWORMS ARE IMPLIED 
IN SOIL FORMATION

Among biota, plants and earthworms mainly con-
tribute to pedogenetic processes as ecosystems engineers. 
According to Blum et al. (2018), pedogenesis is defined as 
“the processes of formation and development of soils, 
resulting in many different soil bodies. Soils with common 
particular characteristics form a distinctive soil group 
or soil type or soil unit.” Processes of soil formation are 
subdivided into two main groups: transformation and 
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translocation. Transformation (weathering and formation 
of new minerals, decomposition and stabilization of 
organic matter, development of soil structure, ion 
exchange and redox processes, etc.) operates in situ and 
may involve some movement of substances over a very 
short distance (microns to millimeters). Translocation 
processes (transport of salts, organic and mineral sub-
stances, turbation, etc.) lead to displacement, sorting and 
mixing of solid matter within the soil profile (centimeters 
to meters). Both transformation and translocation are 
controlled by five main factors: climate, parental material, 
relief, biota, and time, resulting in the development of 
distinctive soil horizons with particular properties. These 
soil-forming factors determine both direction (pathways) 
and speed of pedogenesis.

In this section, we analyze the role of biota, in particular 
plants and earthworms, in key transformation and trans-
location processes during pedogenesis, namely, weathering 
of rocks and minerals, structure formation, and biotur-
bation. Although these processes can occur simulta-
neously and interact with each other, they are presented 
successively to facilitate understanding. In addition, for 
each process, the main impacts of earthworms, plants, 
roots, and their associated microorganisms are discussed. 
Nevertheless, the interactions between these two eco-
system engineers are not detailed.

4.2.1. Rock and Mineral Weathering

Weathering is a process involving both the breakdown 
of rocks and minerals and the formation of new secondary 
products. This cascade process creates continuous 
changes in the environment and gathers physical or 
mechanical disintegration, but also chemical alteration. 
The contribution of soil organisms is widely recognized, 
but it is difficult to disentangle the effects of purely 
mechanical from chemical weathering because they fre-
quently act synergistically.

4.2.1.1. Plants
4.2.1.1.1. Mechanical weathering.  Mechanical weathering 

is mainly due to root growth in length and girth, which 
causes axial and radial pressures during rock penetration. 
Swelling of roots, promoted by water absorption, can exert 
a huge pressure, slowly splitting a rock apart (Gabet et al., 
2003). Fine roots penetrate joints and fractures of rocks, 
widen them, and contribute to the conversion of bedrock to 
regolith (fractured soil parental material), or to deepening/
thickening regolith. However, the efficiency of this mecha-
nism remains unclear because the tensile strength of most 
unweathered rock exceeds the pressure that growing roots 
can reach. Pawlik et  al. (2016) reported that maximum 
radial pressures of root growth range from 0.51 to 0.9 MPa, 
while the tensile strength of crustal rocks ranges from 1 to 

25 MPa. Tree uprooting also contributes to rock weathering 
and soil formation at different spatial scales, from landscape 
to fine scales such as pits and mounds (Šamonil, Král, 
et  al., 2010; Šamonil, Tejnecký, et  al., 2010). Mechanical 
and biochemical weathering processes are also closely 
linked because when roots have entered rocks, moisture 
fluxes along roots are then modified, and physiological 
functions of plants (respiration, nutrition, transpiration) 
immediately induce chemical weathering. Roots subse-
quently play a role of transmission pathways for moisture, 
nutrients, microorganisms, and heat. There is also an 
indirect input of water, organic matter, and bioconstruc-
tions in places presently or previously occupied by roots 
(Pawlik et al., 2016).

4.2.1.1.2. Chemical weathering.  Soil organisms (lichens, 
mosses, plants, fungi, bacteria) greatly accelerate chemical 
weathering and mediate the formation of secondary min-
erals, but their relative in situ contribution is difficult to 
identify (Taylor et al., 2009). According to Pawlik et al. 
(2016), biochemical weathering prevails on mechanical 
weathering for two reasons. First, the main microorgan-
isms implied in this process are widespread, can survive 
under extreme conditions, and can colonize niches unat-
tainable by other organisms. Second, the fungal hyphal 
network associated with roots highly increases the space 
potentially subjected to biochemical weathering. Soil 
organisms act both directly and/or indirectly on 
weathering, either by producing compounds (organic 
acids, phenolic compounds, and protons) and/or by stim-
ulating the activities of microorganisms that further 
accelerate weathering. Five key mechanisms of weathering 
exist: (1) root exudates containing protons and organic 
acids, (2) CO2 release from root respiration, (3) organic 
acids and chelators from organic matter decomposition, 
(4) evapotranspiration that increases the flow of water 
bearing base cations and other nutrients to plants, and (5) 
reduction of erosion that also allows further soil 
development (see section 4.2.2).

Focusing on exudates, Landeweert et al. (2001) reported 
that low molecular weight organic acids produced by 
plant roots, bacteria, and fungi are considered to be the 
most important biological weathering agents in soils, 
driven by their acidifying and complexing capacities. Due 
to their high acid strength, citrate, malate, and oxalate are 
the strongest chelators of metals, including Al3+, a central 
element in most mineral crystal lattices. All these organic 
acids are largely produced by fungi, bacteria, and roots, 
especially proteoid roots (Weisskopf et al., 2008). By con-
trast, medium- to high-molecular-weight organic acids, 
such as humic substances, are less effective for the disso-
lution of minerals.

Schulz et al. (2013) underlined that most of the studies 
on the role of microorganisms in weathering were 
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obtained through laboratory experiments and do not 
allow predicting the rates of weathering under field 
conditions. The rare field researches were conducted in 
pioneer stages of soil formation, as for example in the 
forefields of retreating glaciers, where biofilms of bacteria 
dissolve the siliceous bedrock by exuding organic acids 
(Schulz et al., 2013). Lichens also enhance the transfor-
mation of feldspars to clay, and mosses generally produce 
a great abundance of expandable clay minerals. Finally, 
Pawlik et al. (2016) suggested that mycorrhizal and sap-
rotrophic fungi participate in weathering of feldspars and 
hornblends in granitic bedrocks and E horizons of pod-
zolic soils.

4.2.1.2. Earthworms 
4.2.1.2.1. Mineral weathering.  The mean grain size of 

minerals in aggregates produced by earthworms is gener-
ally smaller than in the surrounding soil. This difference 
results from (1) a mechanical breakdown of mineral grains 
during their passage through the earthworm gut, or (2) a 
selective ingestion by earthworms (Curry & Schmidt, 
2007; Edwards & Bohlen, 1996; see section 4.1.2). Actually, 
several experimental studies have shown the ability of 
earthworms to mediate mineral weathering. Suzuki et al. 
(2003) showed that pellets produced by epigeic earth-
worms (Eisena fetida) contain smaller and rounder grains 
than noningested grains. Moreover, due to its hardness, 
the disintegration of quartz is slower than that of 
K-feldspath. The mechanism of mineral weathering is, 
however, still unclear. It is unlikely due to proton dissolu-
tion because the earthworm’s gut is at near neutral pH, 
probably promoted by a ligand produced by a digestive 
enzyme of the earthworm or by microbes contained in the 
earthworm’s gut (Carpenter et al., 2007). However, earth-
worm species may play a role as demonstrated by Hodson 
et al. (2014). In this study, the anecic Lumbricus terrestris 
seems not to affect mineralogy, whereas both the epigeic 
Eisenia veneta and the endogeic Allobophora chlorotica 
clearly accelerate mineral weathering, especially on pri-
mary silicates (anorthite, biotite, and olivine) compared to 
secondary minerals (kaolinite, illite, and smectite).

4.2.1.2.2. Calcium cycling.  Several authors underlined 
the role of earthworms in the biogeochemical cycling of 
calcium in soil. Many species secrete granules of calcium 
carbonate ranging from single calcite crystals to agglom-
erated granules up to 2.5 mm in diameter (Canti & 
Piearce, 2003). The rate of granule production differs bet-
ween species and varies according to physico-chemical 
properties of the surrounding soil. Under suitable condi-
tions, such granules are often preserved from dissolution, 
remain in soils for decades to thousands of years, and 
constitute a small but significant component of calcium 
storage in soil (Lambkin et al., 2011).

4.2.2. Soil Structure Formation, Stabilization, 
and Disintegration

Soil structure relates to the spatial arrangement of 
mineral and organic particles and their associated pores 
into groupings called aggregates or peds (Oades, 1993). 
Churchman (2010) considers that aggregation is a specific 
feature of soils and plays a fundamental role in terms of 
soil functioning. In fact, a well-developed structure can 
improve biodiversity in ecosystems; positively affect 
water storage capacity, infiltration, and aeration in soil; 
promote plant uptake and root growth; and increase the 
resistance to soil erosion.

There is a long history of research about aggregation 
processes (Six et  al., 2004). In 1982, Tisdall and Oades 
proposed the concept of aggregate hierarchy that distin-
guishes primary particles (< 20 microns), microaggre-
gates (20–250 microns) and macroaggregates (> 250 
microns). This hierarchical concept is used worldwide 
(Totsche et  al., 2018; Lehmann, Leifheit, et  al., 2017; 
Lehmann, Zheng, et al., 2017), but soil aggregation is still 
a complex process that is controlled by an interplay of 
physical processes affecting the ecosystem, soil physico-
chemical parameters (texture, amount of organic matter, 
calcium carbonate content, etc.), soil organisms, and 
interrelated factors: physical (drying-wetting, freezing-
thawing), chemical (binding agents), and biological 
(fauna, roots, and microorganisms).

4.2.2.1.  Soil structure and  biota  The chemical, 
physical, and biological effects of different key organisms 
(earthworms, termites, fungi, plant roots) in the 
formation, stabilization, and disintegration of soil struc-
ture has been recognized for decades. Biochemical mecha
nisms include particle adhering and orientation, surface 
sealing, and particle surface hydrophobicity. Biophysical 
mechanisms refer to soil compaction and compression, 
particle grinding and remolding, changes in water 
content, and particle entanglement by fungal hyphae.

4.2.2.2.  Plants and  soil aggregation  Aggregation 
processes can be divided into five mechanisms that can 
interact and are dependent on the size of aggregates, 
namely, (1) root penetration, (2) changes in soil water 
regime, (3) agglutination, (4) dead root decomposition, 
and (5) root entanglement (Six et  al., 2004). Several 
reviews discuss root-related processes that affect soil 
structure formation, stabilization, and disintegration 
(Angers & Caron, 1998; Degens, 1997; Six et al., 2004).

4.2.2.2.1. Root penetration.  Root growth in pores and 
the soil matrix generates compressive and shear stresses, 
which can reach up to 2 MPa (Angers & Caron, 1998). 
Radial compression may reorient clay particles in the close 
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vicinity of roots, mostly in a 50–200 μm zone. These clay 
particles are then bound together by extracellular poly-
saccharides secreted by roots that induce the formation 
of microaggregates. By contrast, root penetration into 
relatively unstable macroaggregates may divide them in 
small units, thus decreasing the proportion of large aggre-
gates. Depending on the type of vegetation, and espe-
cially root architecture (Figure 4.2), the overall influence 
of root penetration on aggregation may vary (Six et al., 
2004). Similarly, the growth of fungal hyphae exerts a 
pressure on the surrounding soil and can potentially push 
and move particles and aggregates. However, there is still 
no report on this mechanism in either mycorrhizal or 
nonmycorrhizal fungi (Lehmann, Leifheit, et al., 2017).

4.2.2.2.2. Changes in soil water regime.  Variations in 
frequency and amplitude of dry-wet cycles generally pro-
mote the formation of aggregates in soils. Six et al. (2004) 
cited a decrease (in the order of 10% to 20%) in 
aggregation due to changes in soil water status, for in-
stance: (1) the water absorption by plants induces local-
ized drying effects, which can promote bonds between 
root exudates and clays; (2) root exudates reduce the 
wetting rate by occluding pores or increasing pore tortu-
osity; (3) a preferential water flow occurs along living 
roots. Consequently, the shape of aggregates may differ; 
hence, physicogenic macroaggregates formed under ster-
ilized, moist (20% of water holding capacity) conditions 
appear planar and angular at both macro- and micro-
scales (Blankinship et  al., 2016). In contrast, biogenic 
macroaggregates formed under live, dry (10% of water 
holding capacity) conditions are spherical with rounded 

edges. Lehmann, Leifheit, et al. (2017) hypothesized that 
mycorrhizal fungi may also affect the aggregation process 
by changing the soil water status. Water fluxes between 
the host plant and its symbionts can alternatively result in 
dampening or drying the soil of mycorrhizosphere.

4.2.2.2.3. Agglutination of  particles and  aggregates.  
Many products act as agents capable of gluing, or aggluti-
nating, particles or aggregates. Transient (e.g. organic mate-
rials), temporary (e.g. roots, hyphae, and bacteria), and 
persistent compounds (e.g. amorphous iron and aluminum, 
aromatic humic material, complexes of clay-polyvalent 
metal-organic matter) perform as binding agents for aggre-
gates (Tisdall & Oades, 1982). Anyway, their composition 
and origin have not yet been fully established.

According to Totsche et  al. (2018), “gluing agents 
include all organic substances (e.g. polysaccharides, pro-
teins, extracellular polymeric substances) responsible for 
the agglutination of subunits forming a micro-aggregate 
or a composite building unit”. Fungi and bacteria secrete 
mucilaginous products containing polysaccharides and 
root exudates, which stimulate microbial activity and 
tight interactions between roots and microbes in the 
rhizosphere.

4.2.2.2.4. Dead roots.  The decomposition of dead roots 
also promotes both aggregation and macropores, which 
can significantly influence moisture dynamics. Six et  al. 
(2004) reported that most of the stable aggregates are 
formed after the senescence phase and not during the veg-
etative one. The magnitude of this effect depends on both 
the amount and decomposability of organic material.

(a) (b)

Figure 4.2  Two different root systems. (a) Well-branched roots of Lolium sp. (b) Taproot system of Taraxacum sp. 
Photos: Claire Le Bayon.
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4.2.2.2.5. Entanglement by root and  fungal hyphae.  
Lehmann, Leifheit, et al. (2017) underlined that despite 
the evidence of this mechanism for both formation and 
stabilization of macroaggregates, entanglement by roots 
and fungi is still very poorly documented. One of the rea-
sons is the difficulty of disentangling the influence of 
entanglement from other associated processes, in 
particular exudation promoted by roots and fungi. The 
mycelial meshwork helps to stabilize enmeshed soil and 
aggregates, and hyphae confer shear resistance and tensile 
strength to soil units. In addition, the regenerative 
capacity and longevity of mycelia increase their resis-
tance against disturbances. With time, soil structure 
changes and unstable macroaggregates can thus disinte-
grate into microaggregates due to the penetration of 
roots. In addition, vesicular arbuscular mycorrhizae 
(VAM) could also participate to degrade mucilages and 
thus destabilize aggregates. However, data measuring the 
turnover of aggregates are still rare.

4.2.2.3. Implication of plants in organic matter 
stabilization

According to traditional viewpoints, organic matter per-
sists in soil for a longer or shorter time depending on its 
chemical complexity and composition. New models about 
the persistence of organic matter in soil have recently 
emerged (Schmidt et al., 2011). Indeed, molecular struc-
ture alone does not control C residence times, as C stability 
mainly depends on the physicochemical and biological 
environment (water availability, pH, presence of degraders, 
etc.). The key role of roots and rhizosphere in the dynamics 
of organic matter is also emphasized. First, plant roots 
and rhizosphere inputs make a large contribution to soil 
organic matter. Second, root-derived C would be more 
retained than aboveground inputs (leaves or needles). 
Third, root and mycorrhizae are very efficient in physico-
chemical interactions with soil particles. Finally, the fresh 
root inputs could be considered as primers leading to a 
more rapid decomposition of older organic matter.

4.2.2.4. Earthworms and soil aggregation
By moving in the soil matrix and mixing, ingesting, and 

excreting soil and organic matter particles, earthworms 
create biogenic structures, such as burrows and casts 
(Lavelle et  al., 1997). Through their selective feeding 
behavior, earthworms ingest fine organic and/or mineral 
particles and contribute to organic matter degradation 
and intimate incorporation to clay and silt (Brown et al., 
2000). Casts and burrows thus form new habitats usually 
enriched in organic matter and nutrients that act as 
hotspots of biological activity. Endogeic and anecic 
earthworms are particularly implied in aggregate and 
burrow buildup, whereas epigeic species localized in hol-
organic layers create mainly organic pellets (Bouché, 

1977; Lee, 1985). Earthworm activity depends on both 
soil temperature (Uvarov et al., 2011; Whalen et al., 2004) 
and moisture (Edwards & Bohlen, 1996; Kanianska et al., 
2016), and they tend to decrease their activity substan-
tially in summer (Potvin & Lilleskov, 2017). However, 
species such as Lumbricus terrestris may remain active 
throughout winter.

4.2.2.4.1. Mucus and gut processes.  At the body sur-
face and in the forepart of the gut, earthworms secrete 
polysaccharide compounds called mucus (Chapuis-Lardy 
et  al., 2011; Lee, 1985). The amount or quality of the 
epidermal mucus may vary according to ecological earth-
worm categories and ingested substrates (Trigo et al., 1999). 
The mucus of Allolobophora chaetophora is, for instance, 
composed of 69% proteins and peptides and 31% carbo-
hydrates (Cortez & Bouché, 1987). Zhang et  al. (2016) 
demonstrated that mucus samples from three earthworm 
species (Eisenia fetida, Aporrectodea trapezoides, and 
Amynthas pingi) may contain 16 amino acids that could 
activate microorganisms (Bityutskii et  al., 2012; Blouin, 
Hodson, et al., 2013; Chapuis-Lardy et al., 2011; Shipitalo 
& Le Bayon, 2004). The exoenzymes produced by ingested 
microorganisms enhance the degradation of complex 
organic matter during its passage through the gut and 
thus enhance the capacity of the worm to assimilate nutri-
ents (Edwards, 2004). Moreover, Lumbricus terrestris has 
its own enzyme pool, independent from the microorgan-
isms present in the ingested soil; this is notably the case for 
alcaline phosphatases implied in organic phosphorus min-
eralization (Le Bayon & Binet, 2006).

4.2.2.4.2. Cast production.  According to Lee (1985), 
earthworms can process up to 25% of the A horizon in 1 
year through the production of casts within the soil pro-
file and onto the surface (often called surface casts or 
middens when particularly enriched in organic matter 
debris; see Figure  4.3). Most of the studies focused on 
surface casts whose amount of production may reach a 
mean of 40,000 kg/ha/yr (based on 19 studies; Feller 
et al., 2003). In a maize plot, Le Bayon and Binet (1999) 
calculated that surface-cast production may reach 34 kg 
dwt/yr per kg of earthworms (fwt) in the presence of ane-
cic Lumbricus terrestris and the endogeic Aporrectodea 
caliginosa as the dominant species. In a grassland in 
Luxembourg, a total amount of 195.6 ton/ha of casts was 
measured, 58% from endogeic earthworms and 42% from 
anecics (Zangerlé et al., 2016). According to Zorn et al. 
(2008), endogeic species may deposit up to 95% casts 
underground. Therefore, earthworms act as a living bio-
reactor, and the duration of digestion probably affects 
the first step of microaggregate disruption before being 
remoulded in larger aggregates (Six et al., 2002, 2004). As 
example, the pressure applied to soil may reach 259 Pa in 
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the gut of Aporrectodea rosea (McKenzie & Dexter, 1987) 
and, concomitant to the addition of mucus, can lead to 
the disruption of existing interparticle water and cation 
bridges within aggregates (Shipitalo & Protz, 1988, 1989). 
Consequently, the soil fabric is reorganized in the intes-
tines of earthworms (Barois et al., 1993), and this remold-
ing, combined with the high water content, may explain 
why fresh, moist casts are usually less water-stable than 
non-ingested soil (Le Bayon & Binet, 2001; Le Bayon 
et  al., 2002; Marinissen & Dexter, 1990; Shipitalo & 
Protz, 1988). With time, casts are stabilized by a 
combination of physical (thixotropic hardening), 
chemical (secretion of amorphous calcium carbonate as a 
binding agent), and biological processes (microbial poly-
saccharides). This stabilization also depends on earth-
worm species, and Schrader and Zhang (1997) noted that 
water-stable aggregation is significantly higher in casts of 
Lumbricus terrestris than in casts of Aporrectodea caligi-
nosa. They also noticed that the tensile strength of casts 
is positively correlated with the clay and carbonate 
content of the parent soil, while for water-stable 
aggregation the correlation is inverse. The initial soil tex-
ture also plays a major role in cast content (see section 
4.1.2). In pioneer environments such as floodplains with 
regular sediment deposits, epigeic earthworms (mainly 
Lumbricus rubellus) are the first engineers involved in soil 
structure in the short term. If  the texture is favorable 
(mostly silt dominated), anecic and endogeic earthworms 
may then colonize the different soil layers, improving 
physical and nutrient conditions and creating long-term 
stable aggregates (Bullinger-Weber et al., 2007).

4.2.2.4.3. Burrowing.  Burrows (Figure 4.4) result from 
two main processes: (1) the soil is crumbly enough to 
allow earthworms to dig into it without ingesting it or (2) 
the soil is so compact that they have to ingest it before 

excreting casts. Through peristaltic movements (Lee, 1985), 
earthworms exert a strong lateral pressure to push parti-
cles aside during burrow construction, and anecic species 
such as Lumbricus terrestris and Aporrectodea nocturna 
but also the endogeic Aporrectodea caliginosa are 
especially efficient in this process (Edwards & Bohlen, 
1996). The speed of burrowing depends on soil texture, a 
silty texture being more favorable than a clayish one 
(Edwards, 2004), but also on temperature, water content, 
and topography, as well as on ecological categories 
(Bastardie et  al., 2005; Perreault & Whalen, 2006). 
Capowiez et al. (2015) showed that endogeic earthworms 
make more extended burrow systems, which are more 
highly branched, less continuous, and of smaller diam-
eter than those of anecic earthworms. Three main chara
cteristics significantly influence water infiltration: burrow 
length, burrow number, and bioturbation volume, but the 
connectivity of galleries seems also essential to ensure 
efficient hydraulic conductivity (Pérès et al., 2010).

Estimations of the number of burrows in temperate 
regions range from 100 to 800 per square meter (Lavelle, 
1988), with a mean ranging between 50 to 200 burrows 
per square meter (Edwards & Bohlen, 1996). Some species 
such as Lumbricus terrestris make nearly vertical 
permanent burrows up to 12 mm in diameter and 2.4 m 
deep in which they can live over several years (Edwards & 
Bohlen, 1996; Lavelle & Spain, 2001; Lee, 1985). 
Lumbricus terrestris intensively reuses its continuous, 
vertical burrows (Grigoropoulou & Butt, 2012; Nuutinen, 
2011). These burrows can have several entrances, as they 
are directly underneath surface casts, which can block the 
entrance. Earthworm burrows function as soil macro-
pores, improving soil aeration (Knight et al., 1992), infil-
tration (Stockdill, 1966), and water-holding capacity, 
especially in casts and burrow linings. Quantifying the 
number of burrows or soil macropores might thus be a 

(a) (b)

Figure 4.3  Surface-casts of anecic earthworms. (a) Different colors of structures indicate the variable organic 
matter content. (b) Casts constitute hotspots of available nutrients for plant growth, here beneficial for a seedling 
of Fagus sylvatica. Photos: Claire Le Bayon.
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good indicator of current or past earthworm activity 
(Pérès et al., 2010).

4.2.2.4.4. Aggregate disintegration.  When polysaccha-
rides and other organic gluing agents are mineralized, 
the breakdown of  soil macroaggregates increases over 
time (Ge et al., 2001; Guggenberger et al., 1996). Surface 
casts are primarily disrupted by climatic events, such as 
raindrop impacts and wet-dry cycles (Binet & Le Bayon, 
1998; Le Bayon et  al., 2002), by cattle trampling 
(Decaëns, 2000), when small earthworms such as 
Eudrilidae and enchytraeids dig burrows into the casts 
(Blanchart et  al., 1997; Topoliantz et  al., 2000), or if  
casts themselves come unstable as soon as they are pro-
duced. The case of  belowground casts of  Metaphire 
posthuma was highlighted by Botinelli et al. (2010). As 
they disintegrate, these weak casts are more susceptible 
to dispersion and may lead to a rapid compaction of  the 
soil after rainfall events, especially in Asia due to the 
high intensity of  monsoon rainfall. This subsequent 
formation of  a compact and impermeable layer was well 
studied in tropical regions by Blanchart et  al. (1997, 
1999) and Chauvel et al. (1999). Blanchart et al. (1997) 
and Rossi (2003) also showed the existence of  “com-
pacting” earthworm species versus “decompacting” 
species that play a key role in the regulation of  savannah 
soil structure. Compacting species produce large 
globular casts that are expected to compact the soil, 
whereas decompacting species produce fine granular 
casts that can decrease soil bulk density (Blanchart 
et al., 1993, 1997). Guéi et al. (2012) demonstrated that 
despite the presence of  both, soil water infiltration rate 
may increase. Thus, the preservation of  earthworm 
species belonging to contrasting functional groups 
appears essential for the maintenance of  stable soil 
structure in agro-tropical ecosystems (Guéi et al., 2012).

4.2.3. Bioturbation due to Plant and Earthworm 
Activities: Impacts on Soil Differentiation 
and Development

The concept of bioturbation in soil was initially intro-
duced by Darwin (1881) for earthworms and Schaler 
(1891, in Wilkinson et al., 2009) for plants. Bioturbation 
by terrestrial organisms generates the physical displace-
ment of materials and results in a redistribution and reor-
ganization of these components, as well as a dissemination 
of organisms in soil. Wilkinson et  al. (2009) classified 
bioturbation into primary processes (soil production, soil 
mixing) and secondary processes (mounding) resulting 
from previous ones. Soil production occurs both directly 
by mass displacement and indirectly by weathering of 
parental material. Soil mixing refers to material move-
ments within or between soil horizons, and mounding to 
depositions on the soil surface (Wilkinson et al., 2009). 
Moreover, abiotic processes (aeolian and water erosion) 
and biotic ones (dismantlement of mounds by predators 
or by cattle trampling) affect redistribution of soil in 
mounds. In addition, secondary fabric features (burrows, 
root channels) result from recent and/or past bioturba-
tion within or between horizons (Wilkinson et al., 2009).

Present at different spatio-temporal scales, bioturbation 
can contribute to a progressive or a regressive pathway of 
soil development (Gobat & Le Bayon, 2013), but until 
now only few models integrate the calculation of soil 
development rates. Alexandrovskiy (2007) applied such a 
turbational model to Chernozems, soils in which horizon 
mixing by burrowing animals is particularly remarkable.

For each ecosystem engineer (first plants and then 
earthworms), we describe in the following sections (1) the 
mechanisms of bioturbation taken in consideration, (2) 
the effects of bioturbation on soil heterogeneity at differ-
ent spatial scales, and (3) the effects of bioturbation on 

(a) (b) (c)

Figure 4.4  Burrows of anecic earthworms. (a) Burrow openings of anecic earthworms. (b) Burrow linings when 
the soil clod is cut in two parts. (c) Coarse fragments of organic matter are clearly visible inside worm galleries. 
Photos: Claire Le Bayon.
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soil development. Finally, a discussion about their effects 
on pedogenesis pathways (trajectories) is tackled.

4.2.3.1. Bioturbation by plants: Mechanisms
Gabet et al. (2003) identified five mechanisms of bio-

turbation performed by plants: (1) root expansion during 
growth, (2) decay and infilling of former root channels, 
(3) settling of the soil due to water extraction by roots, (4) 
agitation of the plant during storms, and (5) uprooting. 
The first three mechanisms occur within a horizon at dif-
ferent spatial scales, ranging from mineral particles to 
aggregates (see sections 4.2.1 and 4.2.2). While agitation 
is poorly known, uprooting is better understood. This 
mechanical process is due to wind, snow overload, root 
decomposition, or fall of adjacent trees. The probability 
that trees are uprooted is a function of soil depth, and is 
maximum for shallow soils (about 35 cm depth), and then 
decreases to nil for soils over 1.5 m depth (Gabet et al., 
2003). This phenomenon has been especially studied in 
Podzols, whereas little research was conducted on 
Cambisols or on soils with hydromorphic features (Kooch 
et  al., 2015; Kooch, Hosseini, et  al., 2014; Kooch, 
Zaccone, et al., 2014; Šamonil et al., 2015; Šamonil, Král, 
et al., 2010; Šamonil, Tejnecký, et al., 2010; 2015; Schaetzl 
et al., 1990). The uprooting and fall of a tree usually crea
tes a pit where the roots were previously located and an 
adjacent mound resulting from slumping of the displaced 
and decaying root plate (Figure 4.5). Slump and erosion 
of material from the root plate are known as bioturbation 
processes. The paired pit/mound system is highly variable 
in size and longevity and the study of its chronosequences 
provides a good understanding of the effects of uproot-
ing over time (Bormann et al., 1995; Coyle et al., 2017; 
Kooch et al., 2015; Kooch, Hosseini, et al., 2014; Kooch, 

Zaccone, et al., 2014; Pawlik et al., 2016; Šamonil et al., 
2015; Samonil, Král, et  al., 2010; Šamonil, Tejnecký, 
et  al., 2010; Schaetzl et  al., 1990; Valtera & Schaetzl, 
2017). Moreover, cross-sectional drawings of pit/mound 
pairs describe changes in spatial patterns. Depending on 
climatic conditions and site characteristics, this system 
covers from 0.1% to 90% of the forest area and its total 
disintegration can be very rapid (5 to 10 years in humid 
tropics) or can exceed 500 to 1000 years in many other 
environments. Consequently, the effects of uprooting on 
soil heterogeneity and soil development are thus highly 
variable (Schaetzl et al., 1990).

4.2.3.2. Bioturbation by plants: Effects on  soil het-
erogeneity and soil development

According to Pierret et al. (2007), root growth reorients 
and packs particles, and enhances macroporosity. By (re)
using paths of less mechanical resistance, including 
former root channels, root growth leads to the formation 
of a specific environment, which significantly differs both 
chemically and biologically from the bulk soil. Water 
uptake by plants can also induce moisture gradients that, 
depending on soil texture and mineralogy, contribute to 
increase soil heterogeneity. These in situ mechanisms 
generate transformations leading to displacement of 
materials over a very short distance (Blum et al., 2018). 
At the pedon scale, tree uprooting can change the spatial 
arrangement of soil, from single horizons to the entire 
soil profile, which can be completely reversed or even 
destroyed. Moreover, the heterogeneity of the soil profile 
is increased by the displacement of stones, brought to the 
soil surface and then buried under deposits produced by 
collapse of the root plate and erosion (Schaetzl et  al., 
1990). Uprooting may also modify chemical and 
biological properties, especially in pits and mounds that 
differ compared to adjacent and undisturbed soils. For 
example, in a beech forest in northern Iran, Kooch, 
Hosseini, et  al. (2014) showed that organic C, total N, 
water content, microbial respiration, texture, density, and 
biomass of earthworms are significantly greater in pits 
than in mounds and undisturbed soils.

4.2.3.3. Postuprooting pedogenesis
The effects of uprooting diminish over time and new 

sequences of horizons, reflecting the process of postu-
prooting pedogenesis, are gradually developed. According 
to Šamonil et al. (2015), progressive soil development is 
generally observed, whereas regressive development is 
rare, but pedogenetic processes in pits and mounds can 
show diverse evolutionary trajectories. The evolution is 
nonlinear, and postuprooting pedogenesis is more rapid 
in pits because weathering is generally more efficient 
(Šamonil et al., 2015; Schaetzl et al., 1990). In podzolic 
soils, postuprooting pedogenesis is determined by C 

Figure 4.5  Tree uprooted following a wind event two years 
ago. Soil (Cambisol) and calcareous stones are still attached to 
the roots (east of France). Photo: Claire Guenat.
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dynamics (accumulation versus decomposition) driven by 
the frequency of disturbance (Bormann et  al., 1995). 
Similar divergences of pedogenetic trajectories are also 
reported by Schaetzl et al. (1990) for other types of soils 
(Inceptisols instead of Podzosols) and extrapolations, as 
well as simulations of soil development, thus remain 
challenging (Šamonil et al., 2015).

4.2.3.4. Bioturbation by earthworms: Mechanisms 
and rates

All processes of bioturbation are carried out by earth-
worms relative to ecological activity, species, and also 
abundance and biomass. The first assessments come from 
Darwin (1881) in the United Kingdom, with annual rates 
(ton/ha) of 19–40 for mounding, 26 for mixing, and 2–152 
for burial of soil. Also in the United Kingdom, Evans 
(1948) estimated mounding rates from 3 to 63 tons/ha/yr 
and mixing rates from 5 to 53 tons/ha/yr. In France, Bouché 
(1981) obtained equivalent rates (20 tons/ha/yr) for mound-
ing and mixing. Finally, in Australia, under humid sub-
tropical conditions, mixing rates reach 127 tons/ha/yr, 
while mound rates are very low (5–6 tons/ha/yr).

4.2.3.5. Bioturbation by earthworms and pedogenesis
According to Cunha et  al. (2016), earthworms affect 

pedogenesis in two main ways: first by modifying soil pro-
file through bioturbation and second by their effects on 
decomposition and nutrient cycling. Earthworms need 
from 5 to 20 years to turn over once the topsoil (0–30 cm) in 
grasslands under temperate climate. For the same climate 
conditions, Feller et al. (2003) suggested that earthworms 
can potentially move about 40 cm of soil to the surface each 
century. As burrows facilitate the transfer of water, air, and 
nutrients, earthworm bioturbation enhances organic matter 
incorporation and microorganisms’ redistribution, which 
in turn enhances the homogenization of the soil’s profile 
and properties. However, material movements by earth-
worms is greater in the uppermost layers than in deeper soil 
layers (Muller-Lemans & van Dorp, 1996). Consequently, 
both structuration and accumulation of organic matter 
occur mainly in topsoil. Besides, the composition of casts 
differs from the surrounding soil, increasing thus soil het-
erogeneity (Pierret et al., 2007). Finally, as coarse materials 
(gravels, stones) cannot be ingested by earthworms, they 
tend to be gradually buried under topsoil casts and may 
thus form a stone layer, increasing soil profile differentiation 
(Wilkinson et al., 2009).

4.3. PLANTS AND EARTHWORMS CONTRIBUTE 
TO SOIL ECOSYSTEM SERVICES

The notion of ecosystem service (ES) is increasingly 
used in the evaluation of environmental sustainability. 
ESs are commonly defined as the “benefits people obtain 

from the ecosphere and its ecosystems” (MEA, 2005) and 
are listed in four broad categories: provisioning (e.g. pro-
duction of food and water), regulating (control of water, 
climate and disease, C sequestration), cultural (spiritual 
and recreational benefits), and supporting services (e.g. 
habitat, biodiversity, nutrient cycles). The first three cate-
gories directly affect people, whereas the supporting ser-
vices are there to maintain the other services (Dominati 
et al., 2010).

4.3.1. Provisioning Services

There is a strong link between soil and agricultural pro-
ductivity, and therefore most studies about soil-related 
ESs include an assessment of provisioning ES such as 
biomass production (da Silva et al., 2018). Many compo-
nents of biodiversity affect ES delivery. For example, 
earthworms act as catalysts in improving crop yield, but 
their performance depends on the amount of crop resi-
dues, earthworm density, and rate of fertilization (Sharma 
et  al., 2017). On their side, plants influence soil by the 
vast majority of organic matter upon which the rest of 
soil life depends, and they also deform the soil under the 
mechanical action of roots by elongation or radial growth 
(Briat & Job, 2017).

In a meta-analysis about the effect of earthworms on 
plant production across the globe, van Groenigen et al. 
(2014) showed that earthworms favor the availability of 
N from crop residues that stimulate plant growth. In this 
case, organic fertilizers prevail over inorganic ones. In 
another study reporting an inoculation of Lumbricus ter-
restris, the effect on plant productivity was increased by 
20% to 60% of both plant cover and biomass (Forey 
et al., 2018). van Groenigen et al. (2014) also mentioned 
that in pastures with presence of plants capable of 
symbiotic N2 fixation such as legumes, the positive effect 
of earthworms was smaller, and their influence on pas-
ture productivity disappeared. Earthworms are also 
known to increase phosphorus availability in their casts 
and burrows (Le Bayon & Milleret, 2009). Earthworm 
density also has a significant effect on aboveground plant 
biomass, particularly at high densities (> 400 individuals 
per m2; van Groenigen et al., 2014). In pots containing 
homogenized and repacked soil, the earthworm effect on 
aboveground biomass was almost twice as high as in 
undisturbed soils, meaning a positive effect on plant 
growth and thus on productivity (van Groenigen et al., 
2014). Management practices with objectives of sustaina
ble intensification of agriculture should be encouraged to 
maintain earthworm populations in good health. For 
example, low-input farming systems in the tropics, and to 
a lesser extent organic farming systems, vary in terms of 
habitat quality for earthworms (van Groenigen et  al., 
2014), and large application rates of organic manure of 



94  HYDROGEOLOGY, CHEMICAL WEATHERING, AND SOIL FORMATION

high-quality crop residues provide excellent conditions 
for bioturbation. Tillage can also have detrimental effects 
on soil life, especially when the soil is inverted, leading to 
strong effects on soil organisms such as epigeic earth-
worms (Orgiazzi et al., 2016). No-till systems may thus 
support larger and more diverse earthworm communities. 
Epigeic and anecic species particularly benefit from 
no-till, as endogeic ones may support tillage systems that 
incorporate crop residues. Earthworms are also affected 
by tillage frequency: physical injuries or death by tools, 
exposure to predators and/or desiccation or frost by soil 
inversion, destruction of burrows, changes in soil physical 
conditions, and soil compaction (Orgiazzi et al., 2016).

Plants also contribute meaningfully to provisioning ESs 
because they are the major source of C inputs into the soil 
through litterfall and whole-plant senescence, as well as 
root-derived C loss by living plants (Bowsher et al., 2018). 
In fact, root exudates and sloughed-off cells influence N 
availability (mainly nitrates) and thus plant growth 
(Jackson et al., 2008). Therefore, when N supply and access 
is high through nitrification, N losses may be lower, thereby 
increasing the provisioning services provided by plant-
microbes-soil transformations without any application of 
fertilizers (Jackson et al., 2008). Moreover, plant roots in 
up to 80% of plant families may establish symbiotic inter-
actions with VAM that not only improve the growth of 
plants through uptake of available soil phosphorus and 
other mineral nutrients but also prevent erosion by stabi-
lizing aggregates (Gianinazzi et  al., 2010). However, 
management practices as soil tillage negatively affects 
VAM through different mechanisms such as propagation, 
extraradical hyphae, and colonized root segments. Tillage 
also destroys the mycelial network and affects nutrient 
acquisition, especially during early stages of crop growth 
(Orgiazzi et al., 2016). In this context, future prospects on 
sustainable management have to be considered. In fact, by 
2050, the global population is projected to be 50% larger 
than now with a global grain demand that follows this 
trend. Further increases in agricultural yields are essential 
but not at the cost of losing important ecosystem functions. 
Due to their great diversity, soil organisms such as earth-
worms and plants offer many resources, but this natural 
capital must be further investigated in order to preserve 
them and evaluate the range of possible strategies.

4.3.2. Regulating Services

4.3.2.1. Health and soil fertility
According to FAO (2015), “healthy soils are a basic pre-

requisite to meeting varied needs for food, biomass 
(energy), fiber, fodder, and other products and to ensuring 
the provision of essential ecosystem services in all regions 
of the world.” In this context, biodiversity is among the 
main factors responsible for the provision of regulating 

and supporting ESs. Earthworms and plants are impor-
tant in maintaining soil health, and higher plants are the 
major primary producers of biomass, C, and energy 
released into the soil. According to FAO (2015), earth-
worms could give general indications of relative changes in 
soils and may thus be considered as indicators and should 
be included in the global soil health monitoring scheme. 
Moreover, they have been shown to enhance soil fertility 
through a variety of mechanisms including increased 
nutrient availability, enhanced soil aggregation, and water 
availability, as well as improved stress tolerance and pest 
regulation (Fonte et al., 2019). Earthworms also degrade 
and decompose dead organic matter through mineraliza-
tion that takes place in their guts, thus enhancing natural 
stocks of nutrients available for soil biota for chemical 
reactions, which enables humans to live in a stable, healthy, 
and resilient environment (Dominati et al., 2010).

4.3.2.2. Water infiltration
Plant roots and earthworms greatly influence soil 

formation and maintenance by the creation of soil struc-
ture (see section 4.2), particularly at the very first stages 
of pedogenesis, providing physical support to plants, ani-
mals, and human infrastructures. Pioneer plants allow 
accumulation of organic matter from their dead mate-
rials essential for the development of a first soil horizon, 
the A layer, and contribute to soil stabilization through 
the physical action of very fine roots. Earthworm bur-
rows in the upper layer are suitable for root growth. With 
their foraging activity, earthworms create preferential 
flow paths for water, thus decreasing propensity for over-
land flow, which leads to a reduction of erosion risk, 
especially in mature soils where large amounts of water 
infiltrate and are retained in the pore spaces.

However, due to continuous alteration and erosion 
processes, new soils are formed while old ones are slowly 
disaggregated by erosion. The notion of inherited and 
newly formed soils can be illustrated through floodplains 
submitted to perturbations such as flood events. Plants in 
particular are very efficient at agglutinating organic and 
mineral particles and thus increasing topsoil structural 
stability (Schomburg, Schilling, et al., 2018; Schomburg, 
Verrecchia, et al., 2018). This is of crucial importance in 
the case of floodplain restoration projects that aim to 
rehabilitate water flow regulation, meaning attenuation 
of runoff and discharge rates, water storage for flow 
regulation, and mass flow regulation (i.e. erosion protec-
tion). For example, Schindler et al. (2016) indicated that 
renaturation has strong positive impacts on other regula-
tion services such as lateral floodplain reconnection and 
creation of natural habitats, which is of particular impor-
tance in biodiversity conservation.

In fact, earthworms and plants have a great influence 
on flood mitigation. Soil structure and more precisely 
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macroporosity play a major role in soil water infiltration 
and processes related to the control of drainage runoff 
(Pelíšek, 2018). Earthworms also interact with plant 
species composition, and certain plant functional groups 
could significantly alter variations in soil hydraulic prop-
erties. According to Fischer et al. (2014), soil infiltration 
capacity increases with legumes but decreases with 
grasses, probably due to roots that modify the pore struc-
ture. Further, legumes enhance earthworm activity while 
grasses suppress it. Functional groups of plants may thus 
affect earthworm and root activities.

The role of plants in soil hydraulic properties is also 
important for water extraction from deeper layers through 
roots. Plants adapt to drought by rapidly developing fine 
roots or by increasing the activity and efficiency of deep 
roots, which are responsible for water uptake (Teuling 
et  al., 2006). Transpiration is also a key to understand 
ecosystem functioning and particularly the efficiency of 
plants to use and store water. Models are usually preva-
lent (Guderle & Hildebrandt, 2015) with assumptions to 
determine the sink term for root water uptake in soil 
water flow models. In this way, standard measurements 
(e.g. soil water content profiles) are used for the estimation 
of evapotranspiration and root water uptake. Through 
transpiration, plants act as a natural regulator of water 
fluxes between soil and atmosphere, and these fluxes 
allow as much as 60% of whole land precipitation to 
return to the atmosphere (Javaux et al., 2013).

4.3.2.3. Tritrophic interactions
Soils provide habitat for thousands of species that reg-

ulate pest control and dangerous disease vectors 
(Dominati et al., 2010). This regulating ES is principally 
related to soil properties and the biological processes 
driving inter- and intraspecific interactions (symbiosis, 
competition). As an example, Blouin et al. (2005) empha-
sized the importance of belowground interactions in 
plant ecophysiology. In a controlled experiment, the 
decrease in rice growth caused by a parasitic nematode 
was suppressed in the presence of earthworms. 
Earthworms thus enhanced the tolerance of roots to 
nematodes, and the expected inhibition of photosyn-
thesis was suppressed. It has also been shown that earth-
worms are also able to generate hormones and 
subsequently may render a plant tolerant to parasitic 
nematodes by inhibiting the gene responsible for the 
repair of damaged roots, preventing plant death after all 
leaves have shrivelled (Orgiazzi et al., 2016). More gene
rally, the preservation of existing natural enemies by 
choosing cultural, mechanical, or selective chemical con-
trols that do not harm beneficial species should be favored 
(Orgiazzi et  al., 2016). With their capacity for creating 
plant-microbe interactions, plants also present benefits in 
terms of disease reduction. They may specifically attract 

microbes for their own benefit as, for example, through 
the recruitment of different groups of plant-associated 
microbes that promote plant growth. These microbes 
then undergo host-specific adaptations, such as highly 
specialized mutualism leading to a better tolerance to 
pathogens (Orgiazzi et al., 2016).

4.3.2.4. Pollution control
Soil invertebrates can also be used as indicators of land 

use, soil fertility, or soil pollution. Their size, limited 
rapidity in soil displacement, and slow recolonization 
make them attractive as bioindicators (Paoletti, 1999). 
Indeed, earthworms are currently considered good envi-
ronmental indicators or biomarkers of pollution exposure 
(Pérès et al., 2011).

Earthworms have been applied to the bioremediation 
of heavy metal pollution. Indeed, some earthworm 
species are tolerant to heavy metals and can perform their 
ecological functions and complete their life history in 
contaminated soil (Mo et al., 2012; Xu et al., 2018). For 
instance, Amynthas gracilis allowed evaluating the bio-
availability and ecotoxicity of many soil pollutants 
(Parelho et  al., 2018). Actually, earthworms provide a 
realistic indication of pollution as they are exposed to 
soil pollutants in both the soil surface and the deeper top-
soil layers through their epi-endogeic activity. This per-
mits an integrated overview of the biological effects of 
livestock soil pollutants on soil organisms.

When plants perform bioremediation, this cleaning ser-
vice is called phytoremediation. First, some plants remove 
pollutants from soil and concentrate them in harvestable 
part. This phytoremediation is possible because soil orga
nisms increase the heavy metal solubility (Lone et  al., 
2008). Strong retention is observed in some plants, such as 
white lupin roots for cadmium pollution, while transloca-
tion occurs in wheat (Page et al., 2006). The translocation 
process may be due to a response of plants that recognize 
cadmium as a toxic compound. This leads to the activation 
of defense mechanisms (sequestration in the vacuole or in 
the cell walls). Plants can then be harvested and materials 
can be incinerated. Second, phyto-stabilization may be 
achieved through a suitable zone that plants provide 
around their roots. In this case, pollutants are stabilized 
and immobilized by roots that use different mechanisms, 
such as the production of specific substances, to render 
heavy metals harmless (Orgiazzi et al., 2016).

4.3.2.5. Climate warming mitigation
Climate change is one of the most important challenges 

that humans will have to face in the next decades (Orgiazzi 
et al., 2016). By creating large pores and tunnels, earth-
worms influence gas permeability and the activity of the 
microbiota responsible for the natural emission of 
greenhouse gases (CH4 and N2O). Through heterotrophic 
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respiration, earthworms release CO2, but reduced-tillage 
practices support the activities of earthworms and then 
promote C sequestration and N cycling in soils. Storage of 
C also increases through the conversion of croplands into 
permanent pastures and the management of plant diver-
sity. Plants also have an impact on the C cycle by converting 
CO2 and light energy into chemical energy (sugars). 
However, the release of CO2 into the atmosphere is cur-
rently higher than fluxes into C sinks, leading to an unbal-
anced global C budget. Concerning the N cycle, chemical 
engineers such as bacteria convert the organic N into 
mineral forms that may be absorbed by plants. Earthworms 
also influence the N cycle by their structures particularly 
rich in nutrients and then become preferred sites for a 
number of soil processes, such as N fixation (Orgiazzi 
et al., 2016). Both earthworms and plants are part of com-
plex interactions that lead to the decomposition of organic 
matter, releasing C and N in the soil. They are conse-
quently crucial to biogeochemical cycles and therefore to 
the regulation of atmospheric composition and climate.

ESs are needed because they meet a human need. 
However, this vision remains an anthropocentric concept 
of ESs, and relatively few studies specify how and what 
human needs are potentially and actually fulfilled by ESs, 
particularly by ecosystem engineer services. The contri-
bution of earthworms and plants to soil services is now 
clearly proven. However, further investigations are 
needed. For example, Bertrand et  al. (2015) noted that 
the impact of pesticides on earthworms was not com-
pletely understood because of lack of field data on the 
exposure of earthworms to currently used molecules. 
Additional long-term field studies are essential to under-
standing the impact of earthworms on crop production 
(Bertrand et al., 2015). Moreover, major gaps remain in 
understanding the identification of all the ESs provided 
by each ecological group of earthworms to other soil 
biota. Finally, a cost-benefit analysis to assess the 
monetary values generated by earthworm populations at 
local or regional scale for economic evaluation should be 
taken into consideration (Sharma et al., 2017).

4.4. CONCLUSIONS AND FUTURE PROSPECTS

Ecosystem engineers, especially plants and earthworms, 
are strongly involved in pedogenesis and ecosystem 
functions. Their bioturbation activities as autogenic and 
allogenic engineers are at the core of humipedon formation 
and dynamics, with wide-reaching consequences on provi-
sioning and regulating services at the ecosystem level. Soils 
as habitats for ecosystem engineers constitute an environ-
ment of high spatial and temporal heterogeneity, both in 
terms of physical properties as well as biological activities. 
This creates complex interactions, resulting in hotspots 
and hot moments. The understanding of these temporal 

and spatial processes is in its infancy. Gaps of knowledge 
still exist regarding the relationships between soil food 
webs and engineering processes. In this way, Sanders et al. 
(2014) underlined that ecosystem engineering species con-
stitute potentially the most important bridges between 
trophic and nontrophic interactions. Therefore, there is 
considerable potential for advancing our understanding of 
engineer and food web dynamics areas via their integration. 
This approach is crucial to improve our knowledge about 
soil management in order to better predict the impact of 
changes in human practices and/or climate warming on 
ecosystem services.
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